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ABSTRACT
We present measurements of the periods, amplitudes, and types of 78 RR Lyrae stars in the
globular clusterM15 derived fromNickel 1m telescope observations conducted at Lick Obser-
vatory in 2019 and 2020. Of these, two were previously reported but without a determination
of the period. In addition, we identify five Cepheid variable stars for which we report three
novel period determinations, and a further 35 stars with uncertain classifications and periods.
We discuss the development and subsequent application to our data of a new Python pack-
age, Period-determination and Identification Pipeline Suite (PIPS), based on a new adaptive
free-form fitting technique to detect the periods of variable stars with a clear treatment of
uncertainties.
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1 INTRODUCTION
Pulsating variable stars periodically change their brightness over
timescales ranging from a few hours to a few months, making them
members of a select group of astronomical objects that are dynamic
over time intervals that are observable by humans (for a review, see,
e.g., Percy 2007). Moreover, the observable details of this dynamic
behaviour follows patterns that are unique to each type of vari-
able star, a property that makes photometric time-series analysis a
particularly useful tool for their study (Budding & Demircan 2007).
The astrophysical applications of variable-star observations
span many fields, such as testing hydrodynamical models (Smolec
& Moskalik 2012) and investigating the expansion of the Universe
(Scolnic et al. 2019, and references therein), and their utility is
often limited by the quality of their period determinations. If the
measurement of a variable star’s period is uncertain, this error can
propagate into many other “downstream” facets of an analysis —
accuracy is, therefore, critical.
RR Lyrae variable stars are evolved low-mass stars which have
moved off the main sequence onto the horizontal branch. They are
among the most common types of variable stars in the Universe,
especially in Galactic globular clusters (Clement et al. 2001). De-
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spite a large number of samples and a long history of observations
(from Pickering et al. 1901 to, e.g., Pietrukowicz et al. 2020), the
behaviour of RRLyrae stars is not fully understood. For instance, the
expected long-term behaviour is not agreed upon nor immediately
evident in observations. Stars do not remain on the horizontal branch
forever, but the degree, timescale, and type of evolution within the
branch are not trivial to theorise or measure. Observations span-
ning large temporal ranges (∼ 100 yr) suggest that RR Lyrae stars
have generally stable periods (Arellano Ferro et al. 2018), but some
theories predict noticeable changes (Fadeyev 2018). Moreover, the
short-term modulation of light curves (Blažko 1907) seen in some
stars remains an open question. Recent studies (Bryant 2015) sug-
gest that the multimode property of such “Blazhko stars” resembles
known multimode RR Lyrae stars (RRd), and studies connecting
them are needed.
When investigating RR Lyrae stars it is valuable for repeated
observations to bemade as often as possible. Such data yield (among
other things) a basis with which to investigate long-term changes
and may yield insights into the multimode behaviour of RRd stars,
which can then be used to study other multimode behaviours, such
as Blazhko stars. Messier 15 (NGC 7078, M15) is well suited for
such studies. It is an old and star-dense globular cluster (Mészáros
et al. 2020) that contains many evolved star types, and in particular,
dozens to hundreds of RR Lyrae stars which can be well resolved
by telescopes of moderate size. Many photometric observations of
© 2020 The Authors
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Figure 1. Tiled images of M15, with each being a BVR composite of
inverted-color Nickel telescope images. Our observations cover 10′ × 10′
centred at the core ofM15 by combining four tiled images (M15_1 –M15_4)
that each have a ∼ 6′ × 6′ field. Note the slight rotation (∼ 1.5◦) of the
compass rose
RR Lyrae stars in M15 can be found in the literature, including
Bailey et al. (1919), Wemple (1932), Mannino (1956), Makarova &
Akimova (1965), Sawyer Hogg (1973), Filippenko&Simon (1981),
Bingham et al. (1984), Silbermann & Smith (1995), Corwin et al.
(2008), Arellano Ferro et al. (2006), and Siegel et al. (2015).
In this paper, we present new observations of RR Lyrae stars in
M15 and an analysis of their types and pulsation periods. In Section
2 we describe our observations and data-processing methods. We
also discuss matching the variable stars detected from raw data with
known catalogued variable stars. Section 3 describes our method of
detecting the period of observed variable stars, with an emphasis
on dealing with widely spaced data, and also discusses our methods
of handling error propagation and star classification. In Section 4
we present the periods, magnitudes, and type classification of 78
RR Lyrae stars recovered from our observations and derived by our
analysis.We also highlight several stars for which few or no previous
detections exist, discuss a number of additional stars for which we
were not able to accurately determine periods, and briefly describe
period determinations for a small number of Cepheid variable stars.
We give conclusions and directions for future work in Section 5.
2 OBSERVATIONS AND DATA REDUCTION
2.1 Observations
Over approximately one year, we obtained 691 images ofM15 on 46
nights using the Nickel 1m telescope, located at Lick Observatory
(Mt. Hamilton, CA). We observed M15 for an average of 20min
per night, on nights devoted mainly to supernova photometry, with
a typical time between observations of roughly 7 d. As RR Lyrae
stars generally have oscillation periods of 0.2–0.9 d (Corwin et al.
2008), our observing cadence produces widely scattered data when
Table 1. Statistics for calibration stars used in each field. Nstars is the number
of calibration stars in each field. ∆V is the deviation from the corresponding
PS1 magnitude and σV is the observed standard deviation, both in the V
band.
Field Nstars ∆V (∆V )max σV (σV )max
(mag) (mag) (mag) (mag)
M15_1 9 −0.0002 0.0242 0.0170 0.0319
M15_2 9 −0.0004 0.0157 0.0162 0.0303
M15_3 8 −0.0004 0.0346 0.0218 0.0340
M15_4 10 −0.0012 0.0210 0.0192 0.0245
compared to the pulsation period. Ideally, fast pulsators such as RR
Lyrae stars should be observed as often as possible to capture the full
range of behaviour (VanderPlas 2018). With widely scattered data,
period determination becomes difficult, as does avoiding aliasing.
After considering the field of view of the Nickel telescope, we
chose to take 4 tiled fields of M15 in order to image the largest
number of stars. The arrangement is shown in Figure 1. Specific
locations of variable stars within these fields can be found in Fig-
ures B6–B9. Our typical observations of a given field consisted of
exposures of 20, 60, and 180 s in the V band, generally three times
per night. This strategy increases the likelihood of obtaining at least
one data point per night with a sufficiently high signal-to-noise ra-
tio (SNR), given the varying brightness of our targets. When time
permits, images were also taken in the B band.
With a plate scale of 0.368′′ pixel−1 after binning1, the core
of M15 is sometimes not well resolved in our images. Because of
this, there are limitations in period determinations for stars which
are located close to the core. When looking through previously
published data, we see a similar trend where stars which are harder
to individually resolve are less likely to have reported periods (e.g.,
Siegel et al. 2015). To minimise the effect of this issue, tiled fields
are overlapped at the core, increasing the chance of detection by
collecting a larger number of data points.
2.2 Data Reduction
2.2.1 LOSSPhotPypeline
We utilise the LOSSPhotPypeline2 (LPP; Stahl et al. 2019) to per-
form photometry on the images taken from the Nickel telescope
and construct light curves in the Nickel2 natural system. The LPP
provides robust methods for uncertainty calculation, including re-
duction on simulated stars in the field. We use these uncertainties
as a proxy by which to identify poor-quality data that need to be
removed from further analysis. As our use of the LPP is consistent
with that of Stahl et al. (2019), we defer to their Section 3 for a more
detailed discussion of its capabilities.
2.2.2 Calibration
We calibrate each field by picking bright, nonvariable stars that have
minimal (typically < 0.03mag) deviation from the corresponding
PS1 catalogue values, converted to the Landolt-system (Landolt
1983, Landolt 1992) using the prescription of Tonry et al. (2012),
1 We use 2×2 binning with the 2048×2048 CCDwhose normal plate scale
is 0.184′′ pixel−1.
2 https://github.com/benstahl92/LOSSPhotPypeline
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Figure 2. Offset of our candidate stars from GCVS catalog θi , in arcsec.
Successful classifications tend to correlate with a small offset.
and then to the Nickel2 natural system using the transformations and
color terms presented by Stahl et al. (2019), and small (also typically
< 0.03mag) scatter (per calibration star) in each of their observed
magnitudes through the entire time series. The first criterion en-
sures calibration consistency between the four different fields in our
tiling strategy (see Fig. 1), and the second — in conjunction with
the requirement that only those calibration stars that are detected in
every image for a given field be used— ensures a consistent calibra-
tion for images taken across long time intervals. After calibration,
we set a 0.03mag floor on magnitude uncertainties (commensurate
with our second criterion). We summarise important statistics for
our calibration choices in Table 1, while detailed information is
relegated to Table A2 in the Appendix.
2.2.3 Cross-matching
We identify candidate variable stars using the LPP’s ability to au-
tomatically detect all resolvable stars in an image. For each field,
this procedure identifies ∼ 1300 candidates, which we then com-
pare to previously published positions for variable stars. Specif-
ically, we calculate the angular distance between star i identified
by the LPP and star j in Samus’ et al. (2017, hereafter GCVS),
θi j = cos−1
[
sin(δi) sin(δj ) + cos(δi) cos(δj ) cos(αi − αj )
]
. Here,
α is the right ascension and δ is the declination of the subscripted
object, both in radians. Once this two-dimensional array is gener-
ated, we take min(θ j )i to create a list of the variable stars nearest
to each candidate. This list contains many duplicates, so we further
narrow it by taking min(min(θ j )i)j for each duplicate star j. The
resulting list contains each star’s coordinates (α and δ), identifica-
tion (ID), and the offset from the relevant GCVS star. This process
is repeated for all four fields, M15_1 to M15_4. Our star ID is ex-
pressed with “V” numbers (e.g., V001). This is a slightly modified
version of older notations, such as V1, as seen in Bailey (1902) and
other papers. After this process, we obtain ∼ 60 candidate stars in
each field to be processed.
Since there are overlaps between each field, we process stars
in more than one field whenever possible, thereby allowing us to
choose the data based on various quality parameters (see Sec. 3.1).
The resulting, cross-matched catalogue shows strong agreement
with GCVS coordinates. There are two populations, one with a
small (∼ 0.4′′) offset and one with a larger (∼ 2.5′′) offset, which
are visible in Figure 2. Our final selections (see Sec. 4) suggest that
stars in the second (large-distance) population mostly fail to provide
high-quality data. Assuming GCVS has high accuracy, this is the
expected result. Note that while most of our successfully classified
stars fall in this “low offset” population, the offset value θi is used
only for cross-matching candidates, and our final classification is
based on photometric results (see Sec. 4).
3 ANALYSIS
3.1 PIPS
We have developed the Period-determination and Identification
Pipeline Suite (PIPS)3, a new Python package to analyse variable-
star data. While there are many algorithms and code bases available
for this purpose, we found that several improvements were needed to
obtain the best results, especially for difficult objects characterised
by widely spaced data, low SNR, and few data points.
3.1.1 Motivation and Background
Period Uncertainty — We note that in older publications, partic-
ularly in studies which rely on the time of maximum light (see,
e.g., Bailey 1902; Wemple 1932; Makarova & Akimova 1965), un-
certainty quantification is not treated carefully. More recently, the
method of fitting to folded data instead of relying on the maxi-
mum or minimum times has become more prominent (see Holl
et al. 2018), and with it, a clearer understanding and treatment of
uncertainty. This is of great importance for modern studies as long-
term data can and will be used to study the evolution of certain
quantities (e.g., period and metallicity), and a careful treatment of
uncertainty is required for proper error propagation and the state-
ments of confidence that such calculations support. In developing
PIPS, our primary concern was therefore to examine the uncertainty
created when making period determinations.
Template Bias — When analysing variable-star photometry, our
goal is to determine the period and create analytic functions (e.g.,
Fourier series) which provide an accurate description of the star’s
light curve. Although high-cadence observations can yield a com-
plete light curve and through it, a direct measurement of the period,
data are often4 taken with a lower cadence. This necessitates phase
folding to obtain a light curve (VanderPlas 2018), and therefore
requires a determination of the period before analysis can proceed.
The principal challenge in our work is then to break the degeneracy
between the period and the light curve.
The Lomb-Scargle periodogram is the most common algo-
rithm designed to detect sinusoidal signals in widely or unevenly
spaced data (VanderPlas 2018). Template Fourier Fitting (TFF;
Kovács & Kupi 2007) is a technique which leverages high-cadence
data of similar phenomena to create an informed prior for light-curve
fitting. Both of these techniques can make period determinations,
but the bias induced by one’s choice of light-curve template is not
widely addressed.
Owing to Lomb-Scargle’s nature as a correlation function to a
sinusoidal pattern (Lomb 1976; Scargle 1982), taking the maximum
returned power value only yields the best-fit period to a sinusoidal
wave. Because light-curve shapes are not sinusoidal past first or
second order5, this sinusoidal dependence is analogous to the tem-
plate dependence in TFF. Both the template dependence in TFF and
the sinusoidal dependence in LS skew results from these methods.
The RRab type of RR Lyrae stars, for instance, have sharply peaked
3 https://github.com/SterlingYM/PIPS
4 For instance, in many modern all-sky surveys.
5 Or in some cases, even less — see the type RRab stars.
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Figure 3. Data-reduction process chart.
maxima which are poorly described by a sinusoid (e.g., light curves
in Filippenko & Simon 1981; Corwin et al. 2008). For this reason,
we employ a template-free fitting method with PIPS to minimise
bias.
3.1.2 Methodology
PIPS is a period-determination algorithm based on template-free,
adaptive-function (“Free-Form”) fitting. The analysis begins with
an initial guess from the Lomb-Scargle periodogram, but proceeds
to refine the value and explore the associated uncertainty. We as-
sume that when a light curve is folded about a more correct period,
fitting will yield a smaller χ2 value compared to a folding about a
value farther from the true pulsation period. We also assume that
there will be one global minimum when examining the χ2 space,
representing the true period of the star. The simplest way to find
this correct period would be to iterate through the entirety of pos-
sible periods and perform a fit to the data folded with each period
in turn. This is computationally intensive, inefficient, and compli-
cates the exploration of uncertainty. We choose instead to provide
an informed prior based on the Lomb-Scargle estimation, and use
χ2 minimisation where both the period and the Fourier terms are
free parameters. We find that this identifies the period more accu-
rately and that this exploration of parameter space provides robust
information regarding the uncertainty of the value.
Given time-series data, PIPS finds the best value for the prin-
cipal pulsation period by checking χ2 values against the best-fit
Fourier function which represents the analytic form of the light
curve,
yfit = A0 +
Kmax∑
k=i
[
ak sin
(
2pik
P
x
)
+ bk sin
(
2pik
P
x
)]
. (1)
Here, x is the phase-folded time data x ≡ t (mod P), and yfit
represents the expected magnitude at that phase (the unitless phase
is x/P). The parameters A0, ak , bk , and P, are determined by a
linear-regression fitting using the curve_fit function in scipy
(Virtanen et al. 2020). In this analysis, we take Kmax = 5, based on
a cross-validation test using Gaia data of RR Lyrae stars.
The number of parameters and intrinsic scatter (or a small
SNR) may in some cases make it difficult to fit the correct value of
P. This is primarily because Fourier parameters dominate the de-
grees of freedom, yielding many local minima in the χ2 space when
viewed as a function of P. Additionally, the change in the χ2 value
at different P becomes less obvious as the SNR decreases, because
even at the best P, the folded data exhibit a roughly correct shape
but with large intrinsic scatter, yielding a relatively large χ2 value.
Figure 4. Deviation from Gaia period (∆P) when analysed with Lomb-
Scargle (red) and PIPS (green).
These relations can be viewed as analogous to the mechanics of a
potential well whose surface is the representation of the χ2 value.
This well exhibits a larger friction force between sliding objects as
the surface becomes rougher (many local minima) due to different
combinations of Fourier coefficients. The SciPy curve_fit func-
tion attempts to “place an object” (the initial guess) to perform tests
with the goal of finding the “bottom” of the well. How far this test
object slides down is a function of the slope. This “slide test” tends
to be unsuccessful near the bottom of the potential, which can be
seen in a nearly one-to-one relationship between the initial guess
and the resulting “best fit” period. The “initial kick” from the linear
regression algorithm yields a characteristic size in the scatter of the
resulting period when compared to the initial guess values, and we
take this as the statistical uncertainty of the period6
σP = std (Pfit − Ptrial)

Ptrial≈P
. (2)
This process requires a fitting to Equation 1 between 102 and 104
times, and our pipeline is designed to perform this analysis as fast
as possible. When the uncertainty of the period is not required,
it is sufficient and much faster to find the P value which yields a
minimum χ2 for Equation 1 when evaluated as a function of P (i.e.,
fixed P within single fitting).
MNRAS 000, 1–13 (2020)
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Figure 5. |∆P | as a function of Gaia’s period, for our stars with ∆P < 10−2
only. Lomb-Scargle shows a slight correlation between period and error,
while our pipeline is more consistent across a large range of periods.
3.1.3 Performance Validation
We tested the period-detection function of our pipeline with
raw RR Lyrae light curves from Gaia DR2 (Holl et al.
2018). We chose a sample consisting of 1355 RR Lyrae stars
(gaiadr2.vari_rrlyrae). This set of data includes 910 RRab
stars and 445 RRc or RRd stars, whose photometry in the G band is
taken for more than 30 epochs (num_clean_epochs_g > 30) and is
located nearby (parallax > 0.25) with less than 20% uncertainty
in its astrometry measurement (parallax_over_error > 5). We
search for any period between 0.2 and 1.0 d equallywithout an initial
guess, with no visual inspection or human help.
The results for this validation are shown in Figures 4 and 5. In
most cases both Lomb-Scargle (LS) and PIPS agreed with Gaia’s
period, although there is a population with ∼ 0.1–1.0 d error in
period values. About 96% of LS results and 95% of PIPS results
were considered “good results,” and PIPS outperforms LS with
mean error an order ofmagnitude smaller than LS results.Moreover,
LS exhibits a slight correlation between ∆P and period, an expected
behaviour when a noninformed uniform prior in frequency space is
used. This creates unequally-spaced windows in period space and
thus the resolution becomes lower as the period increases. PIPS
adaptively changes the search-window size, and therefore does not
exhibit this issue.
Since Lomb-Scargle is a widely accepted tool in the commu-
nity, we consider our new package PIPS as an equally acceptable
tool overall and one which may be better suited for our particular
analysis based on these validation results.
6 Here, we use std(x) as a short notation for the standard deviation, std(x) =√[∑N
i (xi − x)
] /N .
3.2 Classification
RR Lyrae stars are generally classified based on their pulsation
modes. This classification was first introduced by Bailey (1902),
and other than the consolidation of RRa and RRb stars into the
RRab type, it has remained the accepted method. RR Lyrae types
are largely separated by the fundamental mode pulsation, with RRab
(also called RR0) having a 0.5–0.7 d period and the first-overtone
pulsation, RRc (RR1), having a ∼ 0.3 d period. Some stars exhibit a
combination of these two modes, and are classified as RRd (RR01).
The fundamental mode generally has a steep rise in magnitude,
while the first overtone is closer to a sinusoid. The shapes of these
light curves are explained using a mechanical/mathematical model
by Stellingwerf et al. (1987). RRab stars sometimes exhibit a signif-
icant modulation in amplitude at a period of a few weeks to a year.
This phenomenon is called the “Blazhko effect" after the first obser-
vation (see Blažko 1907), and several attempts have been made to
explain it (Bryant 2015). The existence of other higher modes and
combinations of such modes (e.g., the existence of “RRe” stars) is
still an area of active discussion.
In order to classify the stars in our sample, we follow the
general methodology seen in most RR Lyrae star and M15-specific
studies (e.g., Silbermann & Smith 1995; Clementini et al. 2016).
Although the original method to distinguish between RRab and
RRc stars is morphology-based and requires a careful statistical
study of population and various parameters, it is now clear that
RRab stars can be distinguished from RRc and RRd stars clearly in
period space. This is especially true in M15, whose member objects
share similar metallicities and ages (Mészáros et al. 2020). This
prior knowledge about a narrow range of metallicities resolves the
possible degeneracy that arises between different Oosterhoff groups
(Oosterhoff 1939).
Our procedure to classify variable stars follows three steps:
(1) based on existing studies, we confirm that the distribution of
our detected periods agrees with those in the literature; (2) we
determine the separation between types, and (3) we confirm the
overall agreement in various parameter spaces. Figure 7 shows the
distribution of detected periods and amplitudes. As reported by
Oosterhoff (1939) and Silbermann & Smith (1995), we see a gap
between the two main populations at a period value of ∼ 0.5 d.
Once the initial classification based on the main period is
finished, we search for the secondary period to distinguish between
RRc and RRd stars. This analysis is based on two assumptions: (a)
RR Lyrae stars pulsate in either the fundamental mode (with period
Pf ) or the first overtone (with period P1), where P1/Pf ≈ 0.74 (see
Holl et al. 2018), and (b) the period is either Pf or P1 and can be
distinguished based on the primary period value. First, the V-band
photometry is naively separated into two functions,
V = A0 + A1 sin
(
2pi
P1
t − φ1
)
+ Af F
(
2pi
Pf
t − φ f
)
, (3)
where F is a template Fourier function that generates an RRab-type
light curve. This template is taken from our own RRab stars that
show minimal scatter and have near-even coverage across phase
space. The subscript X0 refers to the zeroth-order constant value;
similarly, X1 is for the first overtone, and Xf is the fundamental
mode in each term. We focus on finding the secondary pulsation
near the expected ratio P1/Pf ≈ 0.74 following the definition of
RRd stars used by Clementini et al. (2016), but we do not apply
any cuts based on this ratio. This model is chosen based on our
knowledge that RRd stars exhibit a combination of RRab and RRc
MNRAS 000, 1–13 (2020)
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Figure 6. A flowchart showing the procedure to classify variable stars.
properties (e.g., Jurcsik&Hajdu 2017), and that RRc stars are nearly
sinusoidal7.
Once this preliminary fitting has yielded rough estimates of
the parameters Ai , φi , and Pi , we then take the “unknown” com-
ponent from the original data. For example, V1 = V − A0 −
Af F
(
2pit/Pf − φ f
)
is calculated for RRab candidates to search
for a first-overtone component. This component is then processed
with our period-detection function to find a period value. Although
the model Equation 3 cannot remove all of the fundamental-mode
components from the data, it is important that the majority of the
component pulsating in Pf is removed, so that the less obvious pul-
sation in P1 can be detected. When the period is determined, we fit
a function
V = A0 + A1F1
(
2pi
P1
− φ1
)
+ Af Ff
(
2pi
Pf
− φ f
)
(4)
with the newly obtained best-fit Fourier functions F1 and Ff . These
Fourier functions are specific to each object, and are created by
several iterations of fitting, subtracting from raw data, and fitting
again; this alternation between twomodes followed by re-creation of
the other mode mostly removes the bias introduced by Equation 3.
While this method is fast and effective for a small amount data,
or for stars with poor SNR, these secondary components are only
to be used as a classification reference. Any in-depth analysis of
secondary pulsation at a different ratio (e.g., Bryant 2015) requires
more complete data and/or a full treatment of the complex shape.
While the majority of RRab stars exhibit a large value of
Af /A1, our results suggest that many of our RRc candidates have
a large secondary pulsation in the fundamental mode. These pulsa-
tions show amplitudes comparable to the main pulsation in the first
overtone, and are classified as RRd stars. The resulting population
distribution is discussed in Section 4.
4 RESULTS
4.1 Period Determinations
Wehave determined periods and types for 83 variable stars, of which
78 were RR Lyrae stars and five were Cepheid stars. The results of
our analysis are presented in Table A1, which includes the ID, po-
sition, best-fit period determination and its uncertainty, amplitude,
and type classification for each star we considered. The period error
is determined by taking the largest uncertainties out of three sources:
7 It should be noted that this method does not eliminate or distinguish be-
tween binary systemswith oneRRab star, whichwould exhibit a combination
of sinusoidal and RRab-like curves.
Figure 7. Classification based on the Bailey (period-amplitude) diagram.
These data are used to make initial guesses for the dominant component in
the double-mode analysis. RRd stars whose type is determined after double-
mode analysis are overlayed.
instrumental (lowest digit of the telescope timestamp), statistical
(randomness in the fitting algorithm), and algorithmic (insufficient
χ2 search scaling) errors.We believe that the resulting uncertainties
(∼ 10−7 d) are more accurate and meaningful than many previously
reported uncertainties, which are generally calculated by taking the
instrumental timestamp uncertainty divided by the number of pe-
riods spanned during observations. Unless otherwise noted, we do
not accept data above an uncertainty threshold σV ≥ σV,cut, where
σV,cut = σV + std(σV )/2. We show our phase-folded light curves
in Figures B1–B5, with the addition of two decomposed pulsation
modes for double-mode RRd stars.
4.2 Stars by Classification Type
Out of 78 total variable stars, we find 36 RRab stars, with an aver-
age period of 0.65 d. These stars are clearly distinguished by their
sharply peaked maxima and are single-mode pulsators8. We clas-
sify 33 stars as RRc with an average period of 0.35 d, and with light
curves showing near-sinusoidal shapes unique to first-overtone pul-
sation. We find 10 RRd multimode stars with an average period of
0.40 d, although we note that this period value is specific to the first
overtone when considering multimode pulsators. While less com-
mon in M15, we also detect 5 Cepheid variables, with an average
period of 1.26 d. These Cepheid light curves are similar to those
8 Note that these distinguishing features are not used for classification, but
that the clear differences support classification via separation in period-
amplitude space.
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Figure 8. Mean V -band magnitude of star and main pulsation period of
each star. Cepheid variables are well isolated from RR Lyrae stars, and
the brighter magnitude of undetermined stars suggests contamination from
nearby stars.
Figure 9. Main pulsation period and A f /A1, the ratio between the ampli-
tudes of the fundamental mode and the first overtone.
of RRab stars, as they pulsate in the fundamental mode, but their
forms vary and we do not perform a detailed analysis of them.
Wemade 34 possible detections of variable stars, in addition to
the 78 about which we are confident. This undetermined population
typically belongs to the “large distance” group identified in Figure 2
and are not firmly classified owing to possible contamination and a
small SNR. Stars marked with “??” are undetermined.
The overall population distribution in the Bailey (period-
amplitude) diagram (Fig. 7) shows some notable characteristics,
such as (a) a short pulsation (∼ 0.2–0.4 d) with a relatively small
amplitude (/ 0.9mag) for RRc stars, (b) a narrow period range for
RRd stars (P ≈ 0.39–0.41 d), (c) no confirmed detections of vari-
able stars with P ≈ 0.5 d, and (d) RRab stars having a wide range
in amplitude (0.4–1.3 mag) but a small range in period (P ≈ 0.55–
0.75 d). These characteristics are consistent with the statistics found
in large surveys, such as Holl et al. (2018).
When our stars are plotted in period-magnitude space as seen
in Figure 8, all types of RR Lyrae stars are tightly gathered at a sim-
ilar apparent V-band magnitude of V ≈ 16mag. This is consistent
with previous observations (e.g., Bingham et al. 1984; Silbermann
& Smith 1995), and clearly shows the separation of Cepheid stars
from RR Lyrae stars, which are brighter and have longer pulsation
times. Our undetermined stars are often brighter, and there is no
consistency in their measured periods, which span values belong-
ing to all RR Lyrae types as well as Cepheids. This suggests that
the majority of the undetermined stars are contaminated by nearby
objects, raising their perceived brightness but leaving a wide range
of period values.
Examining the ratio of the two decomposed pulsation mode
amplitudes can show a clear separation between RR Lyrae star
types, which were mainly classified by period. In Figure 9, the
relationship of the period and the ratio between the amplitudes
of the fundamental mode and first overtone is shown. Stars with
Af /A1 > 1 are dominated by the fundamental mode, which is
clearly seen in the population distribution of RRab stars. RRc stars,
which are dominated by the first overtone, are clearly seen as having
Af /A1 < 1. Themultimode pulsator RRd stars, however, are overall
much closer to Af /A1 = 1, showing that both pulsation modes are
present. We note that most RRd stars have in general an Af /A1
value slightly < 1, suggesting that the first overtone is slightly more
dominant in most RRd stars.
The ratio of the periods of the fundamental mode and the
first overtone is also a notable feature of the multimode RRd stars.
Prior work suggests that this ratio should be quite narrow (see
Clementini et al. 2016), and our results support this with bounds of
0.7451 ≤ P1/Pf ≤ 0.7502 and a mean P1/Pf = 0.7463.
4.3 Notes on Individual Stars
V027 – We confirm that V27 does not appear be a variable star, as
has been noticed since at least Sawyer Hogg (1973).
V095 – This variable has a period of 1.263 d, and peaks brighter
than 13mag. No period determinations for this star can be found
in the reference literature, likely owing to brightness contamination
resulting from close proximity to the core of M15. The period and
brightness of this star suggest that it is a Cepheid variable.
V107 –Both the light-curve shape and the period of 0.277 d suggest
that it is an RRc star. No previous determinations for the period can
be found in the reference literature.
V123 –While the light-curve shape is unclear, the period of 0.715 d
and the magnitude range suggest that this is an RRab star. No pre-
vious determinations for the period can be found in the reference
literature.
V140 – This variable peaks brighter than 13mag and has a rela-
tively long period of 1.776 d, suggesting that it is a Cepheid variable.
No previous determinations for the period can be found in the ref-
erence literature.
V155 – Another bright star with a long period of 0.912 d, this
variable is also likely a Cepheid, and does not have a previous
period determination in the reference literature.
Possible detections – Of those variables without classifications,
we have detected 10 objects with no previously reported periods in
our references: V079, V106a, V106b, V110, V115, V121, V143,
V147, V150, V154, and V158. V106a shows a large secondary
period, suggesting it is a possible RRd star. These stars require
further confirmation and investigation.
5 CONCLUSION AND FUTUREWORK
Using the Nickel telescope at Lick Observatory, we observed M15
over 46 nights and accumulated 691 images. In tandem, we have de-
veloped a custom pipeline to detect periodic behaviour in our data.
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We compared this new, purpose-built pipeline to existing techniques
using theGaia data release and found our results to be highly encour-
aging. We discussed the analysis of single and multimode pulsators,
as well as the uncertainty treatment in our pipeline. Our analysis
led to confident period classifications for 78 RR Lyrae stars in M15,
two of which do not have a value listed in the reference literature. Of
these 78 stars, the majority (69) are single-mode pulsators, which
are classified as RRab and RRc stars.
Looking to the future, we note that the long-term period evo-
lution of RR Lyrae stars is not well constrained by either theory
or observation (Jurcsik & Hajdu 2017). The difficulty of making
a sufficiently accurate period determination, combined with the
long timescales required to see this change, restrict the effective-
ness of observationally constraining this behaviour, and theoretical
derivations remain challenging (Stellingwerf et al. 1987). Long-
term, high-quality data are necessary for investigating the tempo-
ral evolution of RR Lyrae stars. With the addition of the results
presented herein, we plan to conduct such an investigation in a
subsequent paper (Murakami et al., in prep.).
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APPENDIX A: TABLE
Table A1: Results.
ID α(J2000) δ(J2000) Period (P) σP Amplitude V Type
(deg) (deg) (days) (days) (mag) (mag)
V001 322.4590 12.1740 1.43783743 3.7e-07 1.07 14.99 Cepheid
V002 322.4438 12.1687 0.684304375 1.6e-07 0.49 15.74 RRab
V003 322.4222 12.1539 0.388720632 8.5e-06 0.48 15.83 RRc
V004 322.4610 12.1216 0.313589117 2.4e-08 0.63 15.92 RRc
V005 322.4646 12.1081 0.384211954 7.2e-08 0.54 15.78 RRc
V006 322.4995 12.1886 0.666015094 1.7e-07 1.02 15.86 RRab
V007 322.4955 12.1879 0.367563437 1.2e-06 0.63 15.97 RRc
V008 322.4924 12.2027 0.646238777 3.9e-06 0.91 15.84 RRab
V009 322.4967 12.2059 0.715282097 5.7e-07 0.78 15.80 RRab
V010 322.5284 12.1680 0.386389721 2.1e-06 0.52 15.93 RRc
V011 322.5416 12.1617 0.34326551 5.5e-08 0.69 15.89 RRc
V012 322.5387 12.1535 0.592875644 5.2e-07 0.85 15.93 RRab
V013 322.5288 12.1485 0.574910937 1.4e-07 0.95 15.98 RRab
V015 322.5164 12.0831 0.584394482 1.6e-07 0.79 15.86 RRab
V016 322.5210 12.2035 0.399195555 3.3e-07 0.81 15.84 RRc
V017 322.5163 12.1981 0.428912296 1.5e-07 0.61 15.92 RRd
V018 322.5145 12.1954 0.367725969 1.0e-07 0.67 15.87 RRc
V019 322.5240 12.2121 0.572306432 1.9e-06 1.19 15.85 RRab
V020 322.5156 12.1648 0.69695872 4.3e-07 0.88 15.95 RRab
V021 322.5023 12.1513 0.648795261 3.6e-06 1.02 15.82 RRab
V022 322.3988 12.1539 0.720230076 1.6e-06 0.80 15.76 RRab
V023 322.5466 12.2388 0.632698496 1.6e-07 0.62 15.89 RRab
V024 322.4624 12.1654 0.369691742 1.1e-07 0.63 15.87 RRc
V025 322.5786 12.1650 0.665318041 6.2e-06 0.93 15.85 RRab
V026 322.4986 12.2595 0.402317102 4.4e-08 0.44 15.94 RRc
V029 322.5385 12.2263 0.575015865 1.5e-05 1.12 16.00 RRab
V030 322.4458 12.1661 0.405998183 8.0e-08 0.52 15.80 RRd
V031 322.4602 12.2352 0.408183108 6.0e-08 0.57 15.88 RRd
V032 322.4781 12.1972 0.60530342 1.3e-07 0.72 15.77 RRab
V033 322.4812 12.1593 0.583940164 3.5e-08 0.76 15.41 RRab
V034 322.4771 12.1521 0.4010 - 0.15 - ??
V035 322.4834 12.1219 0.624546598 2.6e-07 0.47 15.91 RRab
V036 322.4850 12.1447 0.624130821 2.2e-06 1.15 15.85 RRab
V038 322.4950 12.1268 0.375280597 4.2e-08 0.57 15.87 RRc
V039 322.4986 12.1328 0.389551691 5.2e-08 0.46 15.90 RRd
V040 322.5301 12.1351 0.377331483 4.1e-08 0.52 15.92 RRc
V041 322.5107 12.1521 0.391761515 2.5e-06 0.52 15.88 RRc
V042 322.5575 12.1575 0.360188851 5.2e-08 0.61 15.91 RRc
V044 322.5185 12.1685 0.595669649 4.8e-06 0.94 15.77 RRab
V045 322.5116 12.1588 0.67740415 1.9e-06 1.18 15.69 RRab
V046 322.5090 12.1764 0.69144381 3.6e-06 1.08 15.84 RRab
V047 322.5052 12.1664 0.687547509 1.4e-06 1.12 15.69 RRab
V048 322.5093 12.2092 0.364972072 7.2e-08 0.81 15.81 RRc
V049 322.5038 12.2136 0.655186807 4.3e-06 0.64 15.24 RRab
V050 322.5391 12.1954 0.298060627 4.6e-08 0.66 15.91 RRc
V051 322.4942 12.1928 0.396962319 1.3e-07 0.50 15.93 RRc
V052 322.5473 12.1616 0.575654124 3.6e-06 1.00 15.97 RRab
V053 322.4667 12.1365 0.414109598 9.3e-08 0.52 15.79 RRd
V054 322.4956 12.1919 0.399572367 6.1e-08 0.58 15.95 RRd
V055 322.5114 12.1622 0.748671788 3.9e-07 0.83 15.87 RRab
V056 322.5089 12.1676 0.570260593 1.7e-07 0.97 15.75 RRab
V057 322.5141 12.1522 0.349277148 5.6e-08 0.71 15.74 RRc
V058 322.4770 12.1697 0.407285449 9.1e-08 0.79 16.06 RRd
V059 322.5040 12.1769 0.4319 - 0.04 - ??
V060 322.5080 12.1510 0.718689553 3.6e-07 0.64 15.63 RRab
Continued on next page
MNRAS 000, 1–13 (2020)
10 Hoffman et al.
Table A1 – continued from previous page
ID α(J2000) δ(J2000) Period (P) σP Amplitude V Type
(deg) (deg) (days) (days) (mag) (mag)
V061 322.4737 12.1558 0.399688532 9.9e-08 0.48 15.77 RRc
V062 322.4724 12.1780 0.3773 - 0.46 - ??
V063 322.5064 12.1760 0.646891427 1.4e-07 0.80 15.73 RRab
V064 322.4795 12.1728 0.364249404 1.2e-07 0.75 15.94 RRc
V065 322.4637 12.1566 0.71819949 4.5e-06 0.63 15.80 RRab
V066 322.4735 12.1362 0.379343054 3.7e-08 0.44 15.93 RRc
V067 322.4682 12.1644 0.404610074 1.2e-07 0.71 15.97 RRd
V068 322.4830 12.1703 0.3874 - 0.26 - ??
V069 322.4822 12.1607 0.586772955 3.0e-07 0.35 14.89 RRab
V070 322.4831 12.1620 0.367582599 7.4e-08 0.60 15.90 RRc
V071 322.4827 12.1631 0.1058 - 0.14 - ??
V072 322.4923 12.1769 0.686283385 2.8e-07 0.76 15.77 RRab
V073 322.4907 12.1724 0.4020 - 0.39 - ??
V074 322.5035 12.1436 0.296010243 4.6e-08 0.67 16.04 RRc
V075 322.4927 12.1578 0.5269 - 0.05 - ??
V076 322.4926 12.1610 0.3207 - 0.17 - ??
V077 322.4898 12.1621 0.7064 - 0.15 - ??
V078 322.4906 12.1806 0.664751545 1.9e-07 0.87 15.60 RRab
V079 322.4986 12.1611 0.2858 - 0.18 - ??
V081 322.4877 12.1650 0.2535 - 0.10 - ??
V082 322.4879 12.1678 0.4919 - 0.03 - ??
V083 322.4982 12.1661 0.5163 - 0.20 - ??
V084 322.4996 12.1634 0.5433 - 0.29 - ??
V086 322.4964 12.1686 0.941440619 5.5e-07 1.37 13.48 Cepheid
V087 322.5010 12.1613 0.7714 - 0.11 - ??
V089 322.4851 12.1666 0.3046 - 0.06 - ??
V090 322.5025 12.1682 0.1520 - 0.68 - ??
V091 322.5110 12.1753 0.3909291 1.2e-07 0.59 15.81 RRd
V092 322.4957 12.1603 0.373886851 8.7e-08 0.97 15.93 RRc
V093 322.5003 12.1587 0.340598884 6.8e-08 0.43 15.76 RRc
V094 322.4946 12.1750 0.3951 - 0.00 - ??
V095 322.4939 12.1559 1.26357749 8.5e-07 0.16 13.00 Cepheid
V096 322.5393 12.2273 0.396360363 9.5e-08 0.56 16.00 RRc
V097 322.4701 12.1753 0.696354571 9.1e-07 0.81 15.85 RRab
V098 322.4735 12.1800 0.6241 - 0.10 - ??
V099 322.5013 12.2209 0.225141886 4.6e-08 0.29 15.93 RRc
V100 322.4969 12.1566 0.320595991 8.0e-08 0.46 16.10 RRc
V102 322.5129 12.1755 0.759381107 1.9e-06 0.51 15.94 RRab
V103 322.4217 12.0908 0.583845056 1.4e-06 0.59 15.84 RRab
V106a 322.4846 12.1701 0.3935 - 0.85 - ??
V106b 322.4840 12.1716 0.9976 - 0.06 - ??
V107 322.4842 12.1604 0.227240473 3.5e-08 0.48 15.43 RRc
V110 322.5022 12.1562 0.6752 - 0.27 - ??
V111 322.5048 12.1674 0.378130163 7.5e-08 0.33 16.30 RRc
V113 322.4947 12.0980 0.406180567 8.3e-08 0.10 15.73 RRc
V114 322.4935 12.1777 0.345933528 9.3e-08 0.39 15.59 RRc
V115 322.4962 12.1647 2.7123 - 0.21 - ??
V116 322.4970 12.1532 0.9657 - 0.08 - ??
V117 322.4992 12.1571 0.9942 - 0.05 - ??
V118 322.4981 12.1821 0.299995772 7.8e-08 0.59 15.35 RRc
V119 322.4975 12.1697 0.7332 - 0.09 - ??
V121 322.4840 12.2093 0.2422 - 0.01 - ??
V122 322.5660 12.1741 0.5741 - 0.04 - ??
V123 322.4289 12.1648 0.715498035 4.3e-06 0.04 15.32 RRab
V129 322.4922 12.1629 0.2201 - 0.11 - ??
V140 322.4943 12.1673 1.77647668 1.1e-06 0.35 13.09 Cepheid
V143 322.4946 12.1612 0.6949 - 0.24 - ??
V145 322.4973 12.1674 0.4226 - 0.16 - ??
Continued on next page
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Table A1 – continued from previous page
ID α(J2000) δ(J2000) Period (P) σP Amplitude V Type
(deg) (deg) (days) (days) (mag) (mag)
V147 322.4958 12.1657 3.0725 - 0.11 - ??
V150 322.4950 12.1715 1.0432 - 0.30 - ??
V154 322.4916 12.1708 0.8643 - 0.40 - ??
V155 322.4907 12.1697 0.911891427 2.7e-07 0.43 14.77 Cepheid
V158 322.4676 12.1031 0.1181 - 0.68 - ??
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Table A2: Calibration stars used with LPP∗.
# Field αobs δobs αdiff δdiff Vcal Vobs Vdiff σVobs
(deg) (deg) (deg) (deg) (mag) (mag) (mag) (mag)
0 M15_1 322.519265 12.127833 0.000105 0.000066 15.273728 15.287983 0.014255 0.014855
1 M15_1 322.561284 12.140017 0.000107 0.000079 15.464006 15.442372 -0.021634 0.012730
2 M15_1 322.523107 12.118028 0.000107 0.000066 15.506678 15.530928 0.024250 0.012090
3 M15_1 322.533446 12.085643 0.000082 0.000070 15.992274 15.963761 -0.028513 0.013641
4 M15_1 322.543151 12.125756 0.000090 0.000072 15.990031 15.979094 -0.010937 0.014745
5 M15_1 322.534900 12.136032 0.000092 0.000070 16.048878 16.052094 0.003216 0.013421
6 M15_1 322.530015 12.109165 0.000103 0.000065 16.478746 16.496761 0.018014 0.019075
7 M15_1 322.554640 12.141452 0.000097 0.000077 16.790747 16.790150 -0.000597 0.020650
8 M15_1 322.567823 12.134789 0.000100 0.000079 17.252762 17.252872 0.000110 0.031925
9 M15_2 322.459429 12.150704 0.000109 0.000056 14.273025 14.260324 -0.012701 0.013764
10 M15_2 322.458902 12.159175 0.000105 0.000055 14.919133 14.922602 0.003468 0.010524
11 M15_2 322.445463 12.140651 0.000109 0.000055 14.930785 14.917324 -0.013461 0.009058
12 M15_2 322.456988 12.156429 0.000100 0.000061 15.089972 15.072546 -0.017426 0.015132
13 M15_2 322.458802 12.131101 0.000093 0.000046 15.189565 15.185824 -0.003741 0.016033
14 M15_2 322.447355 12.151231 0.000096 0.000063 15.412107 15.412935 0.000828 0.010156
15 M15_2 322.451633 12.155373 0.000094 0.000066 15.419053 15.430990 0.011937 0.022853
16 M15_2 322.462334 12.144905 0.000083 0.000051 15.454053 15.469824 0.015771 0.030308
17 M15_2 322.455935 12.140771 0.000115 0.000051 15.496215 15.507713 0.011498 0.018345
18 M15_3 322.521463 12.222239 0.000095 0.000064 14.395865 14.393613 -0.002252 0.014736
19 M15_3 322.519897 12.196303 0.000098 0.000067 14.553714 14.588363 0.034649 0.014014
20 M15_3 322.543955 12.236424 0.000120 0.000077 15.516245 15.496363 -0.019882 0.026960
21 M15_3 322.548378 12.234880 0.000116 0.000082 15.678872 15.663113 -0.015759 0.034030
22 M15_3 322.521121 12.227391 0.000099 0.000068 15.904249 15.909863 0.005614 0.014118
23 M15_3 322.533092 12.203466 0.000118 0.000068 15.965824 15.989238 0.023414 0.027297
24 M15_3 322.536526 12.208844 0.000107 0.000068 15.991126 15.992488 0.001362 0.021195
25 M15_3 322.540593 12.240000 0.000117 0.000073 16.044006 16.013488 -0.030518 0.022373
26 M15_4 322.448676 12.204609 0.000102 0.000045 14.526760 14.510128 -0.016632 0.015407
27 M15_4 322.448944 12.191813 0.000106 0.000057 15.115295 15.136328 0.021032 0.014781
28 M15_4 322.445159 12.195775 0.000119 0.000055 15.254565 15.249278 -0.005288 0.014280
29 M15_4 322.457367 12.208246 0.000083 0.000051 15.447569 15.461878 0.014309 0.013821
30 M15_4 322.435704 12.192173 0.000132 0.000054 15.380196 15.364628 -0.015568 0.023735
31 M15_4 322.464925 12.212959 0.000096 0.000056 15.770203 15.753778 -0.016425 0.020545
32 M15_4 322.469867 12.195119 0.000086 0.000062 15.896890 15.904128 0.007238 0.024449
33 M15_4 322.437433 12.198128 0.000116 0.000048 16.264444 16.270178 0.005733 0.024551
34 M15_4 322.456705 12.210754 0.000098 0.000048 15.987055 15.979578 -0.007477 0.018576
35 M15_4 322.457820 12.194107 0.000090 0.000065 16.547810 16.548878 0.001068 0.022561
∗The magnitude values are all in the V band.
“diff” is the deviation of the observed value (“obs”) from PS1 data (“cal”).
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Figure B1. RRab stars: each cell is a folded light curve of a single-mode star pulsating in the fundamental mode (RRab). The abscissa is phase (normalised to
a single period and repeated twice), and the ordinate is observedV -band magnitude.
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Figure B1 – continued RRab stars.
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Figure B2. RRc stars. Conventions are the same as in Figure B1.
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Figure B2 – continued RRc stars.
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Figure B3. RRd stars: each row represents a star pulsating in two periods simultaneously (RRd). The left two columns show raw data folded at the first
overtone period (p1) and the fundamental mode period (pf), and the right two columns represent decomposed multimode components. The first overtone and
fundamental mode components are isolated from the raw data by subtracting a best-fit function of the other component (see Eq. 4). The amplitude of these
decomposed pulsations indicates which mode is dominant.
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Figure B3 – continued RRd stars.
0.0 0.5 1.0 1.5 2.0
14.5
15.0
15.5
V 
(m
ag
)
V001, P=1.437837434 d
0.0 0.5 1.0 1.5 2.0
Phase
13.0
13.5
14.0
V086, P=0.941440619 d
0.0 0.5 1.0 1.5 2.0
Phase
12.9
13.0
13.1
V095, P=1.263577492 d
0.0 0.5 1.0 1.5 2.0
Phase
13.0
13.2
V140, P=1.776476681 d
0.0 0.5 1.0 1.5 2.0
Phase
14.6
14.8
15.0
V 
(m
ag
)
V155, P=0.911891427 d
Figure B4. Cepheid stars: each cell is a folded light curve of a single-mode star pulsating in the fundamental mode. While these stars exhibit morphological
characteristics similar to those of RRab stars, these stars are brighter and have larger period values. The abscissa is phase (normalised to a single period and
repeated twice), and the ordinate is observedV -band magnitude.
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Figure B5. Stars with possible contamination (“undetermined” stars). Some of our detections had relatively large distances from known coordinates. This
resulted in possible contamination by nearby stars and small SNR with relatively large intrinsic scatter. These stars are treated as questionable, and are not
processed for type classification, although some light curves indicate that they may be RRc stars by their morphology and main period. RRab stars and
short-period Cepheid stars cannot be distinguished owing to their common pulsation mode and inaccurate apparent magnitude. Since many of these stars do
not have previously reported period values, we suggest our period estimation here.
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Figure B5 – continued Stars with possible contamination (“undetermined” stars).
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Figure B6. Left:V band image of the field M15_1 and stars whose data from this field is used for our final results. Blue rectangle indicates the area shown in
the right. Right: A close-up image near the centre.
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Figure B7. Field M15_2. Conventions are the same as in Figure B6.
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Figure B8. Field M15_3. Conventions are the same as in Figure B6.
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Figure B9. Field M15_4. Conventions are the same as in Figure B6.
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